Open-cast lignite mining operations result in a loss of soil quality. Soils associated with coal mining are usually characterised by poor physical and chemical parameters. Low pH and heavy metal toxicity are of the main concerns. The lignite and pyrite content of the dump materials of the Lusatian open-cast mining district in Eastern Germany resulted in high acidification potential and low organic matter content of soils. These extreme conditions require considerable amounts of alkaline materials like compost to enable revegetation. This study was carried out to evaluate the effect of different application rates of wood compost on soil physico-chemical properties in two representative soil substrates (Tertiary and Quaternary) and on some plant growth parameters. Soil in each site was mixed with wood compost and sown with a grass mixture. The data of both studied soils showed an improvement in physical properties such as water holding capacity and bulk density in soil ameliorated with compost. Most soil chemical properties were increased significantly with the increase of compost application rates, particularly organic matter content, total nitrogen and cation exchange capacity. Compared to the control treatment in each site, the treated soil with compost showed a significant increase in grass biomass (fresh and dry matter yield). The results of these experiments revealed that addition of wood compost had significant positive effects on the soil physical and chemical properties, which affected the response of plant growth and can facilitate the revegetation of substrates contaminated with coal spoil.
Introduction
Open-cast lignite (brown coal) mining operations in the Lusatian district in eastern Germany had disastrous environmental effects and resulted in devastation of soil by creating an area of almost 1000 km 2 covered by spoil heaps of clastic overburden sediments of Tertiary and Quaternary age [1] . These spoil heap sediments often abound in lignitic components in the form of coal fragments or as coal dust. Due to the high acidification potential of the substrates and their intensive weathering dynamics, especially in the initial phase, it is hard to predict what possible equilibrium state these developing mining ecosystems are approaching. The extreme acid soil reaction impedes the success of mine soil reclamation and revegetation practices because it is difficult to initiate plant growth in these soils [2] . Unless revegetation of these areas can be achieved, the goal of re-establishing agricultural and forest ecosystems will not be achieved.
While current knowledge of the physical and chemical processes in the dumping substrates are limited, it is known that the Quaternary sediments in this area are relatively low in their lignite and pyrite content and have a higher potential for successful revegetation than the Tertiary sediments [3] . In addition to fertilisation of the soil, the addition of compost and/or sewage sludge should also be considered during treatment [4] . For successful reclamation, high application rates of basic materials are required to neutralise soil acidity and hence create the potential for plant growth. The addition of organic material will aid in the improvement of soil structure [5] and consequently also prevent leaching of added fertilisers that result due to the sandy texture of the spoil substrates. The addition of compost for the improvement of the soil structure will mainly result through a reduction in bulk density (BD) and increases in porosity, aeration, water holding capacity (WHC), buffer capacity and cation exchange capacity (CEC). The addition of compost with a significant amount of humified organic matter, leads to longer lasting effects of this organic matter in the soil, increasing soil quality. Polysaccharides and other polymeric substances present in organic matter act as aggre-gating compounds [6] and increase micro-pores in the soil. A study [7] on the effect of composted yard waste on the movement of water in a sandy soil, found that water retention in the soil was increased. It has also been reported that soil total carbon (C), nitrogen (N) and phosphorus (P) were increased markedly with increasing compost application rate [8] and that soil physical properties of ameliorated soils are generally improved [9, 10] . Reclamation or rehabilitation from the mining industry perspective aims to achieve the return of a disturbed site to a degree of its former state or to a sustainable usable condition, it emphasises the reparation of ecosystem processes, productivity and services [11] . The success of reclamation depends on whether the rehabilitation measures applied will be sustainable, in the long term, under normal land management. An understanding of the response of vegetation to ecosystems affected by mining and the effect of amelioration is of critical importance to facilitate the reclamation of such areas. The aim of this study was therefore to evaluate the effect of different compost treatments on some of the soil physical and chemical properties of Tertiary and Quaternary sand contaminated with coal spoil and on vegetation growing at these sites.
Materials and Methods

Study Area
The investigation was conducted at two sites located in the Lusatian mining region. 
Experimental Design
The compost used in this investigation was produced from mixing woodchips from Quercus rubra with lake mud as a nitrogen source and composting for three months in a greenhouse. At the end of the composting period, wood compost treatments were air dried, sieved and mixed before it was added to the soil in both locations to a depth of 50 cm. Soil was taken from the plots at each location, mixed with wood compost and then returned to the plots after each plot was lined with plastic. The size of each plot was 2 × 1 m and the distance between plots 30 cm. The different soil treatments were applied in a completely randomised design. Compost was added to the Tertiary soil at the following rates: 0.0% (T1), 3.0% (T2), 5.0% (T3) and 10.0% (T4). Quaternary soil received rates of 0.0% (Q1), 1.5% (Q2), 3.0% (Q3) and 5.0% (Q4) compost.
Each treatment was vegetated with the RSM 7.2.1 grass seed mixture (Deutsche Rasengesellschaft e.V. (DRG), Bonn, Germany). The mixture consisted of 45% Festuca ovina duriuscula, 10% Festuca rubra commutata, 15% Festuca rubra rubra, 15% Festuca rubra trichophylla and 15% Lolium perenne. This is the same grass seed mixture that was used as part of the closure plan of the company (Lausitzer und Mitteldeutsche BergbauVerwaltungsgesellschaft mbH). It is the standard mixture for sowing in dry regions and the optimum sowing quantity is 20 g·m −2 . Experimental plots were not irrigated. The experimental plots were monitored for six months and ended with the end of the growing season for grass. At the end of the experimental period, soil samples from each treatment at both locations were air dried, crushed and sieved through a 2 mm sieve before analysis.
Soil and Vegetation Properties
All analyses were conducted in triplicate. Physical and chemical analyses of soil samples before and after treatment with compost were conducted according to standard procedures. The pH value was measured in a soil suspension with 0.01 M CaCl 2 (1:5 w/v) after shaking for 30 min [12] . Electrical conductivity (EC, dS·m
) was measured in the soil extraction solution of 1:5 w/v (soil: distilled water) [13] . Organic matter (OM) content (%) was determined by weight loss on ignition at 550˚C [14] . Cation exchange capacity (CEC) was determined using the BaCl 2 method [15] . The percentages of total carbon (TC) and total nitrogen (TN) were determined using a CHN analyser according to the method of Tabatabai and Bremner [16] . Water holding capacity (WHC) [17] , dry bulk density (BD) [18] and dry particle density (PD) [19] were also determined. Soil particle distribution of the studied soil was determined according to the methods described by Day [20] .
At the end of experiment, height (cm), percentage cover, fresh matter yield (FMY) and dry matter yield (DMY) (g·m
) of the grasses were determined. The aboveground biomass of the grass was removed and weighed to determine FMY. For DMY determinations, aboveground biomass was air dried and then oven dried at 70˚C for 48 hours before weighing.
Statistical Analysis
The data obtained was statistically analysed using analysis of variance (ANOVA). The treatment means were compared using the Least Significant Difference (LSD) range test at a 5% level of probability [21] . Correlation coefficient analysis was also carried out on the data to investigate the relationship between compost application
Results and Discussion
Physical and chemical properties of Tertiary sand, Quaternary sand and compost before treatment are presented in Table 1 . There was a clear difference between the physical and chemical properties of the two sand substrates when compared to each other and to the compost before treatment of the sites, with the compost containing higher amounts of OM, TC and TN. The compost also had a higher pH, EC and CEC and lower BD than the Tertiary and Quaternary sands.
The results for the physical and chemical characterisation of the Tertiary and Quaternary substrates after treatment with wood compost are presented in Table 2 . Different application rates of compost produced effects on the soil physical and chemical properties that were statistically significant (p < 0.05) in some cases, but not in every instance.
The physical and chemical properties that characterised the compost had an influence on the Tertiary and Quaternary substrates when applied in different ratios. The results showed no significant differences (p < 0.05) between application rates of 0.0% (T1) and 3.0% (T2) for dry BD or PD, while significant differences were recorded with the application of 5.0% (T3) and 10.0% (T4) compost. As the rate of applied compost increased, the BD and PD decreased. The same trend was observed for Quaternary sand.
The observations could be explained by the improvement in soil aggregation and structure due to the addition of composted organic matter which will lead to a reduced potential for soil compaction [9, 10] . In addition, compost increases soil porosity due to the creation of larger particles with larger air spaces in between as well as an increase in the amount of rounded pores [22] . Increases in the WHC, EC, pH, OM, CEC, TC and TN were also consistent with an increase in the compost application rate. Statistically significant differences were observed between some of the treatments ( Table 2) , especially with compost application rates of 5.0% and 10.0% in the Tertiary sand and 3.0% and 5.0% in the Quaternary sand. The increase in OM in sites treated with compost resulted in the increases in the other soil chemical properties. These findings are consistent with other studies that suggest that the addition of compost in sandy soils can facilitate moisture dispersion by allowing water to more readily move laterally from its point of application [6] . Mean of the same category followed by different letters are significantly different (p = 0.05).
Compost organic substances can hold up to 20 times its weight in water, which leads to increased WHC. It has been reported that an increase of 0.1% in the organic carbon content of soil leads to an increase of 0.4 -0.6 mass percent in WHC [9] .
Data presented in Table 2 demonstrated that the application of wood compost led to a significant increase in soil pH in both Tertiary and Quaternary sand. The highest pH values were consistent with the highest application rate of compost in both substrates. The increase in pH is the result of the capacity of the compost to absorb free protons in the amended soil due to a high base content [23] . Moreover, organic fertilisation increases soil pH by forming alkaline humates during the process of decomposition and by aluminium complexing through organic molecules, such as fulvic acid and other low molecular weight acids [24, 25] . Thus, an increase in pH is clearly valuable in these spoil contaminated substrates to ensure the improvement of micro-element availability and a reduction in the availability of elements that may be toxic to vegetation [26] [27] [28] .
The effect of different application rates of wood compost on FMY and DMY of aboveground biomass is presented in Figure 1 . The results showed that the grass responded positively to the application of wood compost, with an increase in FMY and DMY that was consistent with an increased application rate of the compost in both types of substrates. Generally, the FMY of RSM 7.2.1 grass in the Tertiary substrate was higher than in the Quaternary substrate. Higher amounts of OM, TN, CEC, WHC and proportion of fine particles in Tertiary sand could also have contributed to a better vegetation response. In both substrates, increased application rates of wood compost resulted in significant (p < 0.05) increases in the FMY and DMY of the grass. The T4 treatment had the highest FMY (1165.4 g·m ). In the Quaternary substrates, the highest FMY (366.8 g·m ) and DMY (86.6 g·m −2 ) was observed for Q4 and the lowest FMY (7.8 g·m ) for Q1. The relationship between compost application rates and FMY and DMY (Figure 1) was determined with regression analysis and showed a significant and positive correlation. The best fit for the data was obtained with the linear regression model. Furthermore, it is evident that the FMY was higher than DMY. Compost enhances soil physical and chemical properties as well as microbial life in soil and correspondingly leads to improved vegetation growth [23, 29, 30] .
The relationships between the application rate of the compost and the fresh and dry matter yield for grass grown in the Tertiary and Quaternary substrates after treatment with wood compost are presented in Figure 2 . The increased application of wood compost increased the height and covering percentage of the grass in the Tertiary and Quaternary substrates. Grass in the Tertiary sand showed the highest height and covering values. Generally, addition of wood compost resulted in an increase in grass height and emergence density and subsequent covering percentage was also positively influenced. The treatments that contained the highest amount of compost resulted in the highest covering percentage in both substrates.
Conclusions
The results of these field experiments indicate that incorporation of wood compost into Tertiary and Quarternary substrates contaminated with coal spoil enhanced the growth of vegetation. This can be ascribed to the positive influence of the compost on several soil physical and chemical properties, including WHC, EC, pH, OM, CEC, TC and TN. On the other hand, BD and PD values of soil were decreased with increasing compost levels.
In both the studied substrates, plots treated with wood compost showed increases in fresh and dry matter yield, height and covering percentage of the grass when compared with untreated plots. In this context, wood compost proved to be an effective soil amendment to aid revegetation of coal mine waste. 
